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(57) ABSTRACT 

A circuit and method for providing a fully integrated DC-DC 
converter using on-chip switched capacitors is disclosed. A 
switched capacitor matrix is coupled as a digitally controlled 
transfer capacitor. A pair of non-overlapping, ?xed frequency 
clock signals is provided to a sWitched capacitor circuit 
including the sWitched capacitor matrix and a load capacitor 
coupled to the output terminal. A DC input voltage supply is 
provided. A hysteretic feedback loop is used to control the 
voltage at the output as a stepped-down voltage from the input 
by digitally modulating the transfer capacitor using sWitches 
in the sWitch matrix to couple more, or feWer, transfer capaci 
tors to the output terminal during a clock cycle. A coarse and 
a ?ne adjustment circuit are provided to improve the regula 
tion during rapid changes in load poWer. A method of oper 
ating the regulator is disclosed. 
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CIRCUIT AND METHOD FOR A FULLY 
INTEGRATED SWITCHED-CAPACITOR 
STEP-DOWN POWER CONVERTER 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/972,076, ?led on Sep. 13, 2007, 
entitled Switched Capacitor Step-DoWn PoWer Converter to 
Replace Linear Regulators in Embedded PoWer Management 
Applications, Which application is hereby incorporated 
herein by reference. 

TECHNICAL FIELD 

[0002] The present invention relates to circuitry and meth 
ods for providing a regulated output voltage as a voltage 
supply for use in an integrated circuit. The circuits and meth 
ods are particularly useful as on-board voltages in integrated 
circuits including analog and digital circuitry and the like. A 
stepped-doWn output voltage is provided from an input volt 
age using a highly e?icient poWer regulator circuit based on a 
sWitched capacitor arrangement and incorporating digital 
modulation circuitry to rapidly regulate the output. The meth 
ods and circuits provide e?icient regulation even under mini 
mal or no-load situations, such as poWer doWn or sleep modes 
of operation in battery-operated applications. The circuits are 
compatible With semiconductor processing and may be incor 
porated into a system integrated circuit (IC), for example, 
When the integrated circuit is used to implement a portable 
device. 

BACKGROUND 

[0003] Systems implemented on highly integrated semi 
conductor circuits are increasingly important, particularly in 
producing circuits used to implement battery-operated 
devices, such as cell phones, portable computers, such as 
laptops, notebooks and PDAs, Wireless e-mail terminals, 
MP3 audio and video players, portable Wireless Web broWs 
ers, and the like. Sometimes these integrated circuits are 
referred to as “SOIC” (for “systems on an integrated circuit”) 
or “SOC” (for “systems on a chip”) devices. SOC devices 
increasingly include analog circuitry as a portion of an inte 
grated function that also includes a large digital portion, for 
example, a microprocessor, DSP, RISC processor, or another 
large digital portion, often including on-board data storage. 
As is knoWn in the art, SOCs have portions that operate as part 
of a system, for example, a portion of the integrated circuit 
may implement a so-called analog front end or AFE, the 
analog portion of a Wireless receiver or a transmitter. Sensors 
such as anti-locking braking sensors, pressure sensors, tem 
perature sensors, and other input sensors are often imple 
mented using a large analog circuit and an analog to digital 
converter circuit that is then coupled to an on-board process 
ing unit that is formed from digital logic circuitry. These 
highly integrated circuits require a variety of on-board supply 
voltages. Often these on-board supply voltages are created as 
“stepped doWn” voltages from a higher off board supply 
voltage, although “step up” circuits are also knoWn. Many 
portable devices noW being produced are poWered by a bat 
tery supply, Which creates a ?rst supply voltage, and various 
on-board voltages are needed Within the integrated circuit to 
poWer different functions. Typically these batteries are 
rechargeable so that even When recharging, the voltage that 
operates the circuit is taken from the DC battery supply. 
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[0004] In the prior art, a regulated supply voltage output is 
often provided using an LDO or “loW drop out” voltage 
regulator circuit. As is Well knoWn in the art, the LDO relies 
upon the control of a poWer FET, operated in a continuous 
time fashion, coupled betWeen the input voltage and a loWer 
output voltage. Feedback is used to compare a reference 
voltage taken across a resistor at the output to a regulated 
reference voltage. If the output voltage is rising above the 
desired output (e.g., the poWer demanded by the load, in the 
form of load current, is dropping), the bias voltage to the gate 
of the PET is raised (if it is a PMOS device) or loWered (if it 
is an NMOS device). Conversely, if the output voltage is 
dropping beloW the desired output, the bias voltage to the gate 
of the PET is loWered (if it is a PMOS devise) or raised (if it 
is an NMOS devise) to provide additional current to the load 
so that the output voltage rises to the desired level. Thus, the 
LDO is a linear circuit. 

[0005] The ef?ciency of the LDO circuits of the prior art is 
higher With a higher output voltage (relative to the input 
voltage) but can be quite loW With loWered output voltages. In 
applications Where the output voltage of the LDO is loW, for 
example, less than 1V With a 1 .8V input supply, the ef?ciency 
may be quite loW, Which means an increase in Wasted poWer. 
This inef?ciency leads to shorter battery life, or shorter bat 
tery operating time betWeen charges for rechargeable devices, 
for example. Present circuits may often operate at even loWer 
operating voltages and this ine?iciency becomes more prob 
lematic as operating voltages for integrated circuits decrease. 
[0006] Another prior art DC-to-DC converter solution is to 
use an off-chip sWitching regulator With off-chip compo 
nents, or an on-chip controller With off-chip components. 
SWitching regulators are knoWn to be able to achieve 
increased ef?ciencies at loWer output voltages than LDO 
circuits. As integration increases and the siZe of the devices is 
reduced, the use of off-chip regulators, and/or of off-chip 
components, becomes undesirable for several reasons. Fur 
ther, the use of sWitching regulators With typical sWitching 
frequencies in Wireless or cellular device applications can 
create tone frequencies and noise problems that are unaccept 
able. 

[0007] FIG. 1 depicts an example of a simpli?ed circuit 
diagram of a prior art synchronous sWitching regulator circuit 
or buck converter. The circuit uses a series inductor and a 

capacitor to provide an output voltage Vout at a terminal With 
the output taken across the capacitor. The buck converter 
replaces the poWer device used in classical LDOs With a series 
combination of a poWer sWitch and an inductor. By sWitching 
the poWer sWitch on and off at a given frequency With a given 
duty cycle, the inductor maintains an average current equal to 
the current needed by the load. Further, With the aid of a 
feedback control circuit, output voltage Vout can be main 
tained at a regulated level While providing the load With the 
needed current by manipulating the duty cycle of the sWitch 
ing or the sWitching frequency itself. HoWever, the sWitching 
of the poWer device results in a regulated average output 
voltage With voltage ripples around the regulated level. 
[0008] The implementation of a fully integrated on-chip 
sWitching regulator, such as that of FIG. 1, requires using 
on-chip components including a capacitor and an inductor, as 
Well as the sWitching circuitry. In an exemplary circuit, at a 
typical semiconductor technology process node of 65 nanom 
eters, a capacitor of 400 pF and an inductor of 80 nH Was 
calculated, With the sWitching circuitry, to require a silicon 
area of roughly about 0.85 mm2. Of this area, the on-chip 
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inductor requires approximately 0.8 mm. In simulation, With 
a ?xed switching frequency and a Pulse Width Modulation 
(PWM) control scheme, the circuit can be shoWn to have 
substantially increased ef?ciency in producing output volt 
ages ranging from 0.6V to l V from a 1.8V input supply 
voltage, When compared to a typical LDO regulator providing 
the same output voltages. At IV, a preliminary study shoWs 
the sWitching regulator to have an ef?ciency of roughly 70% 
With an output load current of 10 milliamps and a supply 
voltage of 1.8V. At an output voltage of 0.7V, With an output 
load current of 7 milliamps, the e?iciency drops to around 
60%, but the circuit is still substantially more e?icient than an 
LDO at the same output load current and output voltage. 

[0009] Silicon area is the biggest problem in implementing 
the fully integrated synchronous buck converter of FIG. 1 
With on-chip capacitors and inductor, and most of the area is 
due to the 80 nH on-chip inductor. The same design but using 
a 10 nH inductor instead of an 80 nH inductor has been 
evaluated. In this case, the area for the inductor is reduced to 
0.09 mm2 in the same exemplary 65 nanometer semiconduc 
tor process technology. This circuit, hoWever, has tWo signi? 
cant problems that make it impractical for use as a regulator. 
First, the reduction in the inductor value results in a larger 
current ripple in the inductor, and thus a larger output voltage 
ripple. Second, a signi?cant ef?ciency loss is observed due to 
operating the inductor in discontinuous conduction mode, 
Which is a direct unavoidable result of reducing the inductor 
value While at the same time maintaining the ?xed sWitching 
frequency and the PWM control scheme. Using the smaller 
inductor resulted in an e?iciency drop from about 70% With 
the 80 nH inductor to about 25.5% With the 10 nH inductor, 
Which is even Worse than a linear regulator (LDO) in the same 
output voltage and load current conditions. 
[0010] A study Was also made using the synchronous rec 
ti?er or buck converter described above With the smaller 
on-chip l0 nH inductor in discontinuous conduction mode 
but using a Pulse Frequency Modulation (PFM) control 
scheme instead of the PWM control scheme. Using this tech 
nique improved the e?iciency, and the ripple obtained Was 
similar to an LDO. The e?iciency of such an approach at a lV 
output voltage With a 10 milliamp load current Was 61%. The 
e?iciency at a 0.7V output voltage With a 7 milliamp load 
current Was 60%. HoWever the use of a PFM control scheme 
is not practical for many applications because the varying 
frequency of the sWitching circuitry produces an unpredict 
able ripple voltage spectrum at the output that is a function of 
the load current, and thus cannot be easily ?ltered. In Wireless 
applications in particular, or in other noise-sensitive applica 
tions, using a PFM control scheme is highly undesirable due 
to its unpredictability. 
[0011] DC-DC converters arranged Without inductors are 
also knoWn in the prior art. A sWitched capacitor circuit may 
be used to provide a stepped-up, stepped-doWn, or unity gain 
con?guration DC-DC converter. In a sWitched capacitor cir 
cuit, a “?ying” or charge transfer capacitor is alternatively 
sWitched betWeen being coupled to an input voltage (typi 
cally a battery or other DC voltage) and to the load, While a 
holding or load capacitor is used to maintain the output volt 
age at the load. The discharge of the tWo capacitors at the 
output voltage terminal Will provide output load current. The 
load or holding capacitor is discharged along With the ?ying 
capacitor during the “gain” portion of the cycle, and the 
charge transfer or ?ying capacitor is charged by the input 
supply during the “common” portion of the cycle. SWitches 
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are used to recon?gure the circuit in a clocked arrangement. 
Typically, tWo non-overlapping clocks are applied to the cir 
cuit to drive the sWitches. 
[0012] FIG. 4 depicts a simple circuit diagram of a typical 
sWitched capacitor circuit. The particular function of the cir 
cuit in FIG. 4 is to step-doWn a voltage VBAZ, a DC supply 
voltage, to an output voltage Vout. By using ratios for the 
capacitors C1 (having a value 2C B) and C L, the output voltage 
Vout may be modi?ed. As is knoWn to those skilled in the art, 
the gain may be determined by different arrangements of the 
capacitors C1 and CL, for example, the circuit in FIG. 4 Will 
give a stepped-doWn output voltage of Vin/2. A paper, 
authored by one of the inventors of the present application, 
entitled “Voltage Scalable SWitched Capacitor DC-DC Con 
verter for Ultra-LoW PoWer On-Chip Applications” by 
Yogesh K. Ramadass and Anantha P. Chandrakasan, pub 
lished in Proceedings of the IEEE PoWer Electronics Special 
ists Conference, pp. 2353-2359, February 2007, (hereinafter 
“Ramadass”), Which is herein incorporated by reference, 
describes a variety of capacitor topologies to provide output 
voltages from a single supply While using a PFM scheme to 
regulate the output voltage. 
[0013] The sWitched capacitor circuit is operated by clock 
ing the sWitches labeled SW1A, SW1B, SW2A and SW2B 
With non-overlapping continuous Waveforms or clocks q) 1 and 
(1)2. In this manner, the capacitor C1, the charge transfer or 
“?ying” capacitor, is alternatively charged by the battery or 
discharged into the load, and the current is transferred to the 
load by the transfer capacitor CL. Simple digital circuitry is 
used to build the non-overlapping clocks q), and (1)2 from a 
clock signal, and typical frequencies may vary from 10 kHZ to 
100 MHZ. 
[0014] FIGS. 5a and 5b depict representative simpli?ed 
circuitry illustrating the tWo phases of operation of the 
sWitched capacitor circuit of FIG. 4. In FIG. 5a, the phase 1 
clock 4), is active. This places the 1/2 gain sWitched capacitor 
circuit of FIG. 4 in “common” mode, Wherein the battery is 
coupled to the circuit and provides current to charge the ?ying 
capacitor. During this phase, sWitches SW1A and SW1B in 
FIG. 4 are closed While sWitches SW2A and SW2B in FIG. 4 
are open. Then, as illustrated in FIG. 5b, in the second phase 
of operation, the phase 2 clock (1)2 is high or active, sWitches 
SW2A and SW2B in FIG. 4 are closed, and sWitches SW1A 
and SW1B in FIG. 4 are open. In this con?guration, the ?ying 
capacitor C1 of FIG. 4 is coupled to the load in parallel With 
the load capacitor C L and the load current discharges the 
capacitors. This phase is sometimes called the “gain” opera 
tion. As the current is discharged from the capacitors C1 and 
C L by the load coupled to the Vout terminal (see FIG. 4), the 
circuit Will have to again receive energy from the DC supply 
voltage VBAT. By constantly cycling the clocks q) 1 and (1)2, the 
sWitched capacitor circuit of FIG. 4 Will provide a DC output 
voltage (the “no load” voltage) of voltage level VB A17 2. 
[0015] As is also Well known in the art, and as further 
described by Ramadass, the use of different capacitor topolo 
gies in the sWitched capacitor circuit can provide a Wide range 
of gain ratios, including stepped-up and stepped-doWn ratios. 
FIG. 6 depicts a simpli?ed illustration of a sWitched capacitor 
circuit that provides a gain of 2/3. In FIG. 6 tWo capacitors C2 
and C3 are provided in the transfer capacitor stage With cor 
responding sWitches. 
[0016] During the phase of operation When clock 4) 1 is high, 
sWitches SW1A, SW1B, SW1C and SW1D are closed. An 
examination of the circuit of FIG. 6 then reveals that in this 
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“common” phase, capacitors C2 and C3 having values C B are 
both coupled between the input VBAT and the output terminal 
Vout, and so are receiving charge from the battery or other DC 
voltage source. 

[0017] During the second phase of operation, When the 
clock 4), is loW, the clock (1)2 is high (again, non-overlapping 
With (1)1. SWitches SW2A, SW2B and SW2C are closed. 
Examination of the circuit then reveals that capacitors C2 and 
C3 are noW connected in series betWeen the ground terminal 
and the output voltage Vout, and the series combination is in 
parallel With capacitor CL, Which is discharging to the load. 
Thus, the output voltage Vout is noW 2/3 of VB A], instead of 1/2, 
as in the circuit of FIG. 4. 

[0018] To provide a practical regulated supply voltage, the 
output voltage Vout must be regulated. Feedback or hysteretic 
control circuitry is typically used to provide the control loop 
for the DC-DC converter function. Because the output volt 
age Vout depends on hoW many cycles there are (pulse fre 
quency) and the length of time the clocks q), and (1)2 are active 
(pulse Width), modulation schemes are knoWn in the prior art 
using voltage monitoring circuitry (typically a sense resistor 
at the output provides a proportional monitoring voltage) and 
op amp comparators or other comparator circuitry to detect 
When more, or less, current is needed to maintain the output 
voltage Vout at a desired DC level. When the comparator 
circuitry determines more current is needed by the load (out 
put voltage Vout is falling), the control circuitry Will either 
increase the sWitching frequency (in PFM mode) or increase 
the amount of time the charge transfer capacitor C1 is charged 
by the VBAT by modulating the pulse Width of the clocks q), 
and (1)2 (PWM) until the output voltage Vout increases. When 
the load is demanding less current, the output voltage Vout 
Will rise, and the control circuitry Will provide correspond 
ingly less energy from the VBAT by reducing the sWitching 
frequency (in PFM mode) or by reducing the pulse Width (in 
PWM mode) in order to maintain the output voltage Vout 
Within a desired range. 

[0019] DC-DC sWitched capacitor circuits using PFM or 
PWM control schemes are practical solutions for many appli 
cations. The ef?ciency of these circuits canbe improvedusing 
various knoWn schemes including “pulse skipping” for no 
load or light load conditions or “stand by” or “sleep” modes of 
operation for remaining conditions. Some knoWn approaches 
also use gain hopping. Since the ef?ciency of the sWitched 
capacitor circuit increases When the “no load” voltage is very 
close to the desired output voltage Vout, changing the gain can 
improve e?iciency. For example, duty cycle control is 
described in a paper entitled “Duty-Cycle Control Boosts 
DC-DC Converters,” by Cheong et al., IEEE Circuits and 
Devices Magazine, vol. 9, pp. 36-37, March 1993. HoWever, 
the use of PFM control schemes creates tones or spurs in the 
output voltage Vout that are not predictable, making effective 
?ltering of these tones impracticable. Thus, the use of this 
kind of control to achieve voltage regulation in a sWitched 
capacitor DC-DC converter is not preferable for many appli 
cations Where the unpredictable tone frequency is not accept 
able, for example, in certain analog, Wireless, cellular or other 
transmitting and receiving technologies Where the tone noise 
Would make operation of the circuitry coupled to the output 
voltage Vout in the load impossible. 
[0020] Another approach to regulate output voltage Vout of 
sWitched capacitor DC-DC converters uses ?xed frequency 
approaches. U.S. Pat. No. 6,995,995, issued Feb. 7, 2006 to 
Zeng, et al., describes the use of segmented sWitches to regu 
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late the output voltage Vout provided during the charging or 
gain phase of the clock cycle. In this segmented sWitch mode, 
the siZe of the sWitches (the current path) is modulated While 
the sWitching frequency is left constant. While these 
approaches Will not have the same tone or noise unpredict 
ability problems of the PFM control scheme, other problems 
arise. By using PWM control schemes or segmented sWitch 
modes (changing the current supplied to the capacitors by 
changing sWitch siZes to regulate the output voltage), these 
approaches rely on a ?xed sWitching frequency regulation 
scheme. HoWever, the loss mechanisms associated With 
sWitched capacitor circuits do not scale With the load poWer in 
these schemes. Also, effective output regulation in response 
to Wide variations in load poWer cannot be obtained using 
sWitched capacitor DC converters regulated With these 
approaches. 
[0021] A need thus exists for an area-ef?cient and cost 
effective solution to the problem of providing a regulated DC 
output voltage from a DC input supply voltage With high 
ef?ciency even at loW regulated voltages or no load condi 
tions. The circuit must be practical to integrate on the same 
integrated circuit With other digital and analog circuitry, be 
silicon area e?icient, and must provide small voltage ripple. 
The use of a ?xed frequency of operation is needed to produce 
tone spurs or noise only at predictable, ?lterable frequencies 
in the output so as to be compatible With analog, cellular and 
Wireless applications, While maintaining the output voltage 
Within a narroW regulation variance over a Wide range of load 
poWer demand conditions. 

SUMMARY OF THE INVENTION 

[0022] These and other problems are generally solved or 
circumvented, and technical advantages are generally 
achieved, by embodiments of the present invention, Which 
provide circuits and methods of forming a digitally controlled 
sWitched capacitor circuit for outputting a regulated, stepped 
doWn supply voltage to poWer a load circuit. 
[0023] In one preferred embodiment, a sWitched capacitor 
DC-to-DC converter circuit is used to provide regulated out 
put voltage to a load. A load capacitor is coupled to the output 
terminal. A segmented, sWitched capacitor matrix is used to 
provide a digital capacitance modulation circuit for the trans 
fer capacitor. A pair of ?xed frequency, non-overlapping 
clocking signals is provided to drive the sWitches in the 
sWitched capacitor circuitry. A hysteretic control loop is 
established using a voltage feedback path from the output. 
Control circuitry increases, or decreases, the output voltage 
by increasing, or decreasing, the transfer or ?ying capacitor in 
response to comparators that monitor the output voltage. This 
control loop uses a digital counter to add and subtract a value 
that in turn generates proportionally Weighted control lines 
used to modulate the transfer capacitance. 
[0024] In another preferred embodiment, a ?ne bank of 
segmented sWitched capacitors and a coarse bank of seg 
mented sWitched capacitors are provided. In one preferred 
embodiment, the coarse bank implements a binary Weighed 
scale of unit capacitance values. The ?ne bank implements a 
plurality of fractional values of the unit capacitance values. 
Control signals are generated to decrement, or increment, the 
Weight of the transfer capacitance during operation of the 
regulator. If the output voltage is a great deal from the desired 
value, a coarse mode of adjustment is used to rapidly incre 
ment, or decrement, the transfer capacitance, thereby regu 
lating the output rapidly. If the output voltage is near the 
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desired voltage, a ?ne adjustment is made to slowly incre 
ment, or decrement, the transfer capacitance, thereby making 
e?icient regulation of the output voltage. 
[0025] In another preferred embodiment, a loW load or no 
load mode of operation is provided. Circuitry to replace the 
?xed frequency clock pulses With a loWer variable frequency 
signal is used to enable the sWitching capacitor converter to 
e?iciently regulate the output voltage When the load is not 
consuming poWer or is consuming very little poWer, such as 
for sleep or stand by modes of operation of battery-poWered 
devices. 
[0026] In one preferred embodiment, the capacitors are 
implemented using N-poly N-Well capacitors. In another pre 
ferred embodiment, the capacitors are implemented using 
metal-dielectric-metal capacitors above the substrate. 
[0027] Additional preferred embodiments provide control 
circuitry to couple unused capacitors in the segmented 
capacitor sWitch matrix to the load capacitor to further 
increase the value of the load capacitor and to reduce voltage 
ripples at the output terminal, thereby increasing circuit per 
formance. 
[0028] A preferred method of the present invention pro 
vides a load capacitor coupled betWeen an output voltage and 
a ground reference potential. A sWitched capacitor circuit 
including a transfer capacitor coupled to the load capacitor 
and selectively coupled to a voltage supply and selectively 
coupled to the ground reference potential is provided to clock 
the sWitch capacitor at a ?xed frequency to alternatively 
charge the transfer capacitor by coupling it betWeen the bat 
tery supply and the output terminal and then to discharge the 
transfer capacitor by coupling it betWeen the output terminal 
and the ground reference potential. The method also monitors 
the output voltage and determines When it is above a ?rst 
threshold and determines When it is beloW a second threshold, 
and digitally modulates the value of the transfer capacitor 
responsive to the monitoring of the output voltage to maintain 
the output voltage betWeen the second threshold and the ?rst 
threshold. 
[0029] In additional preferred methods, providing the 
transfer capacitor further comprises providing a sWitch 
matrix of segmented capacitance circuits that are selectively 
enabled responsive to control lines, and providing control 
circuitry for increasing the transfer capacitance to increase 
the output voltage and for decreasing the transfer capacitance 
to decrease the output voltage by enabling and disabling 
segments of the segmented capacitance circuits in the sWitch 
matrix, responsive to the monitoring circuitry. In additional 
preferred methods, providing the control circuitry further 
provides a coarse mode of adjustment and a ?ne mode of 
adjustment, Wherein, in the coarse mode of adjustment, the 
transfer capacitor is adjusted in increments or decrements of 
a unit capacitor value each cycle and, in the ?ne mode of 
adjustment, the transfer capacitance is adjusted in increments 
or decrements of fractions of the unit capacitor value. 
[0030] In additional preferred methods of the invention, 
providing segmented capacitor values for the transfer capaci 
tor further provides a plurality of Weighted sWitched capaci 
tor circuitry that implements a binary scale. In further pre 
ferred methods, providing the segmented capacitor values 
further provides sWitched capacitor circuitry that is Weighted 
in fractions of a unit capacitor value. 
[0031] In further preferred methods, providing segmented 
capacitance circuits further provides sWitched capacitor cir 
cuitry that selectively provides a ?rst gain and a second gain. 
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In another preferred method, the ?rst gain is a ?rst ratio and 
the second gain is a second different ratio, and control cir 
cuitry is provided to perform as a stepped-doWn DC-DC 
converter by outputting an output voltage that is less than the 
input supply voltage. 
[0032] Additional preferred methods provide digital 
capacitance modulation circuitry by providing digital control 
logic to control the sWitches and to clock the transfer capaci 
tance circuitry. In another preferred method, a loW poWer 
mode of operation is provided using pulse frequency modu 
lation to loWer the sWitching frequency When the control 
circuitry and the output voltage monitoring indicate there is 
no poWer demanded at the output. In another preferred 
method, the loW poWer mode of operation is entered When the 
control circuitry indicates the segmented transfer capacitance 
should go beloW its loWest setting. In another preferred 
method of operation, the loW poWer mode of operation is 
needed When the control circuitry indicates that the transfer 
capacitance should be increased above its loWest setting over 
several cycles When the loW poWer mode is enabled. 
[0033] In an additional preferred method, a coarse mode of 
adjustment is entered at poWer up. In an additional preferred 
method, a coarse mode of operation is entered into When the 
output voltage falls beloW a predetermined threshold voltage 
set by a user. In another preferred method, the coarse mode of 
operation is ended and a ?ne mode of operation begins When 
the control circuitry detects an output voltage above the ?rst 
threshold on one clock cycle and beloW the second threshold 
on a subsequent clock cycle. In the ?ne mode of operation, 
adjustments to the transfer capacitance are made in fractions 
of a unit capacitance. 
[0034] The foregoing has outlined rather broadly the fea 
tures and technical advantages of the present invention in 
order that the detailed description of the invention that fol 
loWs may be better understood. Additional features and 
advantages of the invention Will be described hereinafter, 
Which form the subject of the claims of the invention. It 
should be appreciated by those skilled in the art that the 
conception and speci?c embodiments disclosed might be 
readily utiliZed as a basis for modifying or designing other 
structures or processes for carrying out the same purposes of 
the present invention. It should also be realiZed by those 
skilled in the art that such equivalent constructions do not 
depart from the spirit and scope of the invention as set forth in 
the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0035] For a more complete understanding of the present 
invention, and the advantages thereof, reference is noW made 
to the folloWing descriptions taken in conjunction With the 
accompanying draWings, in Which: 
[0036] FIG. 1 illustrates a synchronous buck converter 
regulator circuit of the prior art; 
[0037] FIG. 2 illustrates an ef?ciency graph of the circuit in 
FIG. 1; 
[0038] FIG. 3 illustrates an ef?ciency graph of a circuit 
such as the buck converter in FIG. 1 in a discontinuous mode 
of operation; 
[0039] FIG. 4 illustrates a circuit diagram of a prior art 
sWitched capacitor circuit; 
[0040] FIG. 5, Which includes FIGS. 5a and 5b, illustrates 
operations of the circuit of FIG. 4, Wherein FIG. 5a illustrates 
a common mode of operation, and FIG. 5b illustrates a gain 
mode of operation; 
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[0041] FIG. 6 illustrates an alternative prior art switched 
capacitor circuit; 
[0042] FIG. 7 illustrates in a circuit block diagram a ?rst 
preferred embodiment of a sWitched capacitor circuit of the 
invention having selectable gain; 
[0043] FIG. 8 illustrates in a circuit block diagram a pre 
ferred embodiment of a segmented transfer capacitor imple 
mented using sWitched capacitors; 
[0044] FIG. 9 illustrates in a circuit block diagram a pre 
ferred embodiment of a DC-DC converter circuit incorporat 
ing the features of the invention; 
[0045] FIG. 10 illustrates in a block diagram a detailed 
vieW of the control lines and segmented capacitors of a pre 
ferred embodiment implementation of a segmented transfer 
capacitor as shoWn in FIG. 8; 
[0046] FIG. 11 illustrates in a simple circuit diagram an 
alternative preferred embodiment of a segmented transfer 
capacitor of the invention; and 
[0047] FIGS. 12a and 12b depict ef?ciency graphs for pre 
ferred embodiments of converter circuits incorporating the 
features of the invention, Wherein FIG. 12a depicts the e?i 
ciency of a ?rst preferred embodiment converter circuit 
formed With N-poly-N-Well capacitors, and FIG. 12b illus 
trates the ef?ciency of a second preferred embodiment con 
ver‘ter circuit formed With metal dielectric metal capacitors. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0048] The making and using of the presently preferred 
embodiments are discussed in detail beloW. It should be 
appreciated, hoWever, that the present invention provides 
many applicable inventive concepts that can be embodied in a 
Wide variety of speci?c contexts. The speci?c embodiments 
discussed are merely illustrative of speci?c Ways to make and 
use the invention, and do not limit the scope of the invention. 
[0049] Preferred embodiments of the invention provide a 
DC-DC converter for outputting a highly regulated DC output 
voltage that is user selectable, using an area-ef?cient and 
semiconductor process compatible integrated sWitched 
capacitor circuit and associated control circuitry. The circuit 
is easily integrated into existing commercial semiconductor 
processes, uses only on-chip components, and is free from the 
frequency spectrum problems and loss problems of prior art 
sWitched capacitor circuitry. Preferred embodiments of the 
invention provide additional increases in e?iciency by using 
a variable DC gain architecture, and by sWitching from a ?xed 
frequency mode to a PFM or pulsed frequency modulation 
scheme under “stand by” or sleep conditions Where the load is 
consuming little or no poWer. 

[0050] In preferred embodiments, digital control circuitry 
provides automatic detection and regulation of the output 
voltage, automatic sWitching to the PFM mode, and in other 
preferred embodiments, automatic sWitching betWeen a 
coarse and a ?ne adjustment mode to provide rapid response 
to rapid changes in output poWer loading and better regulation 
in a narroW regulation WindoW When the load poWer is con 
stant. Additional preferred embodiments provide a method 
for further reducing the ripple current obtained from the cir 
cuit by sWitching unused capacitors from the transfer capaci 
tance to the load to still further improve performance Without 
any increase in silicon circuit area. 
[0051] The benchmark or target performance criterion con 
sidered for the preferred embodiments of the invention and 
methods include providing an integrated DC-DC step-doWn 

Mar. 19, 2009 

circuit and a method for converting a supply voltage to a loWer 
output voltage With excellent regulation. The circuit and 
methods are shoWn to be more poWer e?icient than an LDO 
solution as is knoWn in the prior art, to be silicon area e?i 
cient, and to have similar performance to an LDO circuit, e. g., 
characteristics such as poWer supply rejection ratio, ripple, 
and otherperformance characteristics should be similar to the 
performance of the LDO. A ?xed frequency mode of regula 
tion of the sWitched capacitor converter is used in the pre 
ferred embodiments to eliminate the tone or spur problems of 
PFM and PWM approaches of the prior art converters. 
[0052] In order to maximiZe the e?iciency of a converter 
using sWitched capacitors, the gain should be adjusted so that 
the output load voltage is close to the “no-load” voltage. The 
ef?ciency that can be obtained from a sWitched capacitor 
converter is limited to a ratio of the load voltage to the no-load 
voltage of the gain setting being used. 
[0053] The ef?ciency can be shoWn to be limited to: 

TIlim:(1-AV/VNL)- (1) 

[0054] Thus, to improve e?iciency, the voltage AV (the 
difference betWeen no-load voltage VNL and the load voltage) 
should be minimized. In preferred embodiments of the 
present invention, in addition to other control circuitry, the 
gain of the converter circuit is selected from at least tWo 
settings, for example a 1/2 and a 2/3 VO/VBAT supply gain 
setting, to place the no-load output voltage VNL as close to the 
output voltage desired at the load VL as possible. Once the 
gain is set for a particular application, preferably by auto 
matic selection based on the output voltage desired by the 
user, it is typically not changed (unless the output voltage 
setting selected is also changed). Each of the sWitched capaci 
tor circuits described beloW in discussing the preferred 
embodiments has this selectable tWo gain feature. 
[0055] The overall design approach of the preferred 
embodiments may be better understood With an understand 
ing of the poWer delivery equations that describe the load 
poWer delivered by a sWitched capacitor converter circuit. 
[0056] Taking for example the sWitched capacitor circuit of 
FIG. 4 With gain 1/2, it can be shoWn that the energy supplied 
to the load is: 

EL:8cB VL(VNL_ VL) (2) 

and that the poWer delivered to the load for this gain setting is: 

P L :ELfS:8cB VL/[S( VNL_ VL) (3) 

[0057] Thus, in order to modify the poWer to the load (e.g., 
to regulate the output voltage Vout as the load current demand 
increases or decreases), as is readily seen from Equation (3), 
the available adjustment settings are EL, f5, and the value of 
the transfer capacitance C B. As described above in the back 
ground, some prior art control methods approach the regula 
tion by using a variable sWitching frequency modulation or 
PFM to adjust the sWitching frequency fS. Alternatively, the 
energy delivered to the load may be adjusted, for example, 
using duty cycle control approaches such as PWM control to 
adjust the pulse Width or sWitch segment control to modulate 
the output current being supplied to the load. The problems 
With these approaches are discussed above. 
[0058] The preferred embodiments of the present invention 
use a novel approach to voltage output regulation. In contrast 
to the control approaches of the prior art, in the preferred 
embodiments of the present invention, the transfer capaci 
tance value is dynamically adjusted to regulate the poWer to 
the load. This is accomplished by using a technique referred 
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to as digital capacitance modulation (DCM). In additional 
preferred embodiments, this approach is combined With a DC 
gain adjustment to further set the overall circuit ef?ciency as 
high as possible. Other preferred embodiments provide rapid 
adjustments to the transfer capacitance in certain situations, 
and a special loW load operating mode to increase e?iciency 
even further. 

[0059] The approach used in a ?rst preferred embodiment 
is to segment the transfer capacitance into a sWitched matrix 
of capacitance banks, and to use a hysteretic control loop 
approach to dynamically adjust the transfer capacitance (by 
turning different sWitches on and off to control the transfer 
capacitance value), While maintaining a constant sWitching 
frequency f S, in order to regulate the poWer output. 

[0060] The many advantages of such an approach to pro 
viding a regulated DC voltage may be better understood if the 
loss mechanisms for the converter circuit are considered. The 
ef?ciency of a sWitched capacitor converter circuit is 
impacted by at least three primary loss mechanisms: (1) a 
linear conduction loss that occurs due to the act of charging 
the transfer capacitor through a sWitch; (2) loss caused by the 
bottom plate parasitic capacitance due to the bottom plate of 
the charging capacitor being shunted (sWitched) to ground 
every cycle; and (3) loss due to the sWitches themselves, that 
is loss due to charging and discharging the sWitches (typically 
N-MOS, P-MOS FETs, or transfer gate sWitches formed from 
both an N-MOS and a P-MOS FET). 

[0061] An expression for the overall ef?ciency may be 
obtained: 

EL (4) 
110V : i : 

EB + EBP + EW 

1 

[0062] In the overall e?iciency equation (4), the ?rst term 
or preterm is due to conduction losses. The ?rst term in the 
denominator is due to bottom plate loss characteristics, and 
the second term is due to sWitching losses. Examination of the 
terms reveals that the ef?ciency is apparently not dependent 
on the area of the capacitors, and the sWitching loss can be 
reduced by loWering f5, Which may be done by increasing the 
capacitor area by the same amount (due to term KSfS). 
[0063] The approaches of the prior art, e.g., pulse fre 
quency modulation (PFM) and duty cycle regulation 
approaches (PWM), or segmented sWitch regulation, all suf 
fer from loss mechanisms that do not scale Well With loWer 
output poWer. In contrast, the digital capacitance modulation 
(DCM) approach of preferred embodiments of the present 
invention disclosed herein provides loss mechanisms that 
scale Well With load poWer. As the output poWer is decreased 
in sWitched capacitor circuits using the DCM technique, the 
number of capacitor banks used Will also decrease and the 
sWitches required Will decrease, so that losses due to sWitch 
ing and bottom plate parasitic effects Will also decrease. Fur 
ther, the use of capacitor ratios to regulate the output voltage 
produces an output voltage regulation that is process inde 
pendent, that is, process variations in the capacitors Will tend 
to cancel out. The prior art approaches tend to be very depen 
dent on process and thus subject to process variation prob 
lems. This is not so With the preferred embodiments of the 
present invention. 
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[0064] FIG. 7 depicts a simple illustration of a preferred 
embodiment single capacitance segment circuit implementa 
tion of the segmented transfer or “?ying” capacitor of the 
DCM scheme. In FIG. 7, capacitors C2 and C3, each With 
value CB may be selectively used to form a 1/2 gain stage 
sWitched capacitor segment or a 2/3 gain stage sWitched 
capacitor segment. This is accomplished by selectively oper 
ating the sWitched circuit in tWo modes. During the phase of 
operation When clock 4), is high, sWitches SW1A, SW1B, 
SW1C and SW1D are closed. An examination of the circuit of 
FIG. 7 then reveals that in this “common” phase, capacitors 
C2 and C3 are both coupled betWeen the battery input VBAT 
and the output terminal Vout, so both capacitors are receiving 
charge from the battery (or other DC voltage source). Put 
another Way, during the ?rst phase or common phase, the 
circuit operates in the same manner as the 2/3 implementation 
of FIG. 6. 

[0065] During the second phase of operation, When clock 
4), is loW, clock (1)2 is high (again, non-overlapping With clock 
(1)1). SWitches SW2A and SW2C are closed. SWitches SW2B 
and SW2D are closed When the selection has been made to 
place the gain at 1/2 (G1BY2) as indicated by the signal label 
(1)2, G1BY2 in FIG. 7. HoWever, if the selection has been made 
to place the gain at 2/3 (G2BY3) as indicated by the signal 
label (1)2, G2BY3 in FIG. 7, sWitch SW2E is closed but the 
other sWitches SW2B and SW2D remain open. 

[0066] In operation, control sWitching signal (1)2, G1BY2 of 
FIG. 7 then causes capacitors C2 and C3 to be connected to 
form the circuit of FIG. 4 (With a gain of 1/2). If instead the gain 
is set at 2/3, control sWitching signal (1)2, G2BY3 causes capaci 
tors C2 and C3 to act as the circuit of FIG. 6. So, regardless of 
Which of the signals (1)2, G1BY2 or (1)2, G2BY3 is active during 
the second phase, or gain phase, of the operation of the 
sWitched capacitor circuit, the gain is controlled. The pre 
ferred embodiment illustrated in FIG. 7 is exemplary and 
provides a simple selection betWeen tWo gain settings. One 
skilled in the art Will recogniZe that other gain settings may be 
similarly implemented and additional control signals pro 
vided, or different gain settings used. These variations pro 
vide additional preferred embodiments that are also contem 
plated as part of, and Within the scope of, the invention and the 
appended claims. 
[0067] FIG. 8 provides a block diagram vieW of one pre 
ferred embodiment of a segmentation scheme for the ?ying or 
transfer capacitance 25 of a sWitched capacitor converter. In 
FIG. 8, block 81 is a capacitance bank for COARSE capaci 
tance adjustments. Block 91 is a capacitance bank for FINE 
adjustments. Block 83 is a capacitance Weighted 8x a unit 
capacitance value CB. Block 85 is a capacitance Weighted 4x 
a unit capacitance value C B. Block 87 is a capacitance 
Weighted 2x a unit capacitance value C B. Block 89 is a capaci 
tance Weighted 1x a unit capacitance value C B. Block 91 is a 
block Which can provide in total a FINE adjustment that has 
a maximum capacitance of unit capacitance C B. Note that the 
sWitches used to sWitch each bank into the transfer capaci 
tance are also scaled in siZe (8x, 4x, 2x, 1x) so that the stages 
scale in all respects. 
[0068] FIG. 8 further depicts the details of the ?ne segment 
block 91. Block 91 has three capacitances Within it that may 
be selectively enabled, one that is 1/7th of unit capacitance 
value CB, one that is 2/7th of unit capacitance value CB, and 
one that is 4/7th of unit capacitance value C B. Thus, the capaci 
tance 16 CE is available as a maximum value if all of the 
















